Abstract In the present account, we investigate electronic properties of diphenylfulvene and its derivatives substituted in phenyl rings. The results were compared with the analogous properties of fulvene and its derivatives with the same substituents at the exocyclic carbon atom. All properties were evaluated and compared in the ground electronic S 0 state and in the first excited T 1 triplet state. These properties are dipole moments, charges, number of π electrons, and aromaticity of the fulvenic, five-membered ring in the two sets of compounds. The latter property was estimated by the harmonic oscillator model for aromaticity (HOMA) index and, for the fulvenes group, by the calculation of aromatic stabilization energy in both electronic states. It was also investigated whether Baird's rule alone can account for the aromaticity differences in the two electronic states.
Introduction
Diphenylfulvene is a derivative of fulvene, a nonalternant hydrocarbon, which is an isomer of benzene. Diphenylfulvenes, substituted at the para position in benzene ring, are shown in Scheme 1. The structures presently considered were as follows: diphenylfulvenes substituted at phenyl rings and, for comparison, fulvenes with exocyclic substituents. Fulvene has been shown by spectroscopic methods to be a planar, non-aromatic molecule of C 2v symmetry with C-C bonds that alternate in length, consistent with localized single and double bonds [1, 2] . The fulvene properties, as well as properties of its derivatives (fulvenes), have been the subject of numerous experimental [2] [3] [4] [5] and theoretical investigations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Further, the methods for generation of fulvenes and their rich cycloaddition chemistry have been recently reviewed [3] . The properties of fulvenes studied by theoretical methods have included the aromaticity and electronic structures [5, [7] [8] [9] [10] [12] [13] [14] [15] [16] [17] [18] [19] . It has been found that electron-donating substituents attached to the exocyclic carbon in fulvenes significantly increase their aromatic character [5, 7, 13, 14] . However, we have found only one investigation devoted to the computational studies of diphenylfulvene (its geometry and spectroscopic properties [4] ). Apart from the focusing on the electronic and geometric structure of fulvenes in the ground electronic states S 0 , papers have also focused on these properties in the lowest excited triplet state, T 1 . For comparison, the aromaticity of fulvenes in the S 0 , S 1 , and T 1 state, a bond order of Jug [22] was used [1] . More recently, other indices, based on geometric, magnetic, electronic, and energetic properties of several substituted fulvenes, were regressed against Δ S−T , the energy difference between the two states [18] . Interest in the aromaticity of fulvenes in excited states stems from Baird's rule on excited-state modification of aromaticity and antiaromaticity of molecules on transition from the S 0 to the excited S 1 and T 1 states [23] , which is elicited from the deduction that benzene in the T 1 state is antiaromatic [24] . Arguments based on the simple perturbation theory indicate that the rules for ground state aromaticity are reversed in the 3ππ* state (4n rings display Baromatic^character, whereas 4n + 2 systems display antiaromaticity). The conclusion is based on the Dewar resonance energy [25] values of the lowest ππ* triplet state of a cyclic hydrocarbon defined relative to the open-chain polyene which contains the same numbers of carbon atoms. This view has been shared in a few papers but none have estimated either the resonance energy for fulvenes or other indices usually applied for characterizing aromatic properties.
One of the proposed models explained that the differences in the S 0 and T 1 states are attributed to the adaptation of their electron densities [6] to conform to the different aromaticity rules in the two states (Hückel rule in S 0 and Baird's rule in the T 1 state). The model also explained calculated dipole moment changes between the two states that differ in the distribution of electron density (negative charge) between fulvenic ring and the exocyclic carbon atoms bearing substituents [18] .
It appeared that, in both states, the sign of dipole moment depends strongly on the electronegativity of the substituents. The difference between C 5 H 4 -C(NO 2 ) 2 and C 5 H 4 -(N(CH 3 ) 2 ) 2 amounts to 11 D; in the first compound, it is directed from the CR 2 group to the ring, and in the second compound, the reverse sign of the dipole moment was found. Similar difference in dipole moments in the T 1 state is 1.5-4.7 D. In ref. 12 , a comparison of the dipole moments of fulvenes, fulvalenes, and azulene in the S 0 and T 1 revealed that owing to the reversal of Hückel's aromaticity rule in T 1 , the dipoles should be in the opposite direction compared to the molecules in the S 0 state (but the dipole moments should be of comparable magnitude).
The aim of the present study was to calculate the charge distribution and aromatic properties in the molecules of a group of diphenylfulvenes and compare them with those of a group of substituted fulvenes bearing the same substituents.
Diphenylfulvenes are supposed to display multiple cycloaddition profiles, as has been thoroughly examined for fulvenes. We aimed to evaluate the effects of the two additional phenyl rings on the electronic properties of the reactive fivemembered rings [3] . For the investigation of the aromaticity, two measures were applied: first, HOMA, based on the bond lengths of π electron cyclic system, which is the most frequently used index for evaluating the aromatic character of a plethora of compounds [26, 27] . For fulvenes, the second measure involved the calculation of the aromatic stabilization energy, ASE, for S 0 and T 1 states in order to determine whether the two measures generate compatible conclusions. The HOMA and ASE values are correlated with evaluated properties such as the dipole moments, charges of the fivemembered rings, and number of π electrons in the rings. The properties and their correlations are compared in the two electronic states. The sites of the greatest spin density in the triplet state are to be identified. The Hammett σ p constants were taken from the compilation of Hansch et al. [29] .
Theoretical methods

Results
Dipole moments
The starting point for our investigations was the calculation of dipole moments of eight diphenylfulvenes in the S 0 and T 1 states and their comparison with the analogous properties of fulvenes bearing the same substituents. The results are shown in Table 1 .
The dipole moments are directed along the z-axis from C10 through C9 and the center of the C2-C3 bond. The positive value of dipole moment (for R=NO 2 , CN, NC, Cl) indicates that the electron density in the region of space surrounding the C10=R 2 or C10-(C 6 H 4 -R) 2 group is larger than that in the region surrounding C 5 H 4 fivemembered ring. Therefore, the electric charge of the latter is positive, while that of the first region is negative. In fulvenes and diphenylfulvenes with the negative dipole moments (R=H, OH, NH 2 , N(CH 3 ) 2 ), the charges of both moieties are reversed. Such behavior is expected based on the electronic properties of the substituents, i.e., their electronegativity, and mirrored by good correlations of the calculated dipole moments with Hammett σ p constants. Correlation coefficients for the plots of the dipole moments against σ p are 0.990 (S 0 ) and 0.957 (T 1 ) for f u l v e n e s , a n d 0 . 9 6 2 ( S 0 ) a n d 0 . 9 4 7 ( T 1 ) for diphenylfulvenes. Therefore, it is convenient to organize these and the other properties by similar correlations with the Hammett constants.
It is worth noting that for both groups of compounds, the dipole moment in T 1 state is more positive (or less negative) than in the S 0 state (the difference being 2.6-3.8 D for diphenylfulvenes, 1.4-4.7 D for fulvenes). This is equivalent to a flow of the electron density from the ring to the exocyclic C10=R 2 group. Figure 1 illustrates the impact of the substituent type on the values and directions of dipole moments of diphenylfulvenes.
The conclusion provided by dipole moments can be supplemented by the results of calculation of the total charges of the five-membered ring in both groups.
Electron density
The results of the calculated sums of atomic charges in the five-membered rings are shown in Table 2 . It can be seen that in both electronic states, the charge of the five-membered ring is more positive (or less negative), as the substituent R is more electron-accepting.
Sum of charges in the fulvene ring correlated very well with the Hammett constants. The correlation is shown in Fig. 2a (for fulvenes) and 2b (for diphenylfulvenes).
Regardless of whether R had the donor or acceptor properties, in the T 1 state, the five-membered ring in diphenylfulvene behaved as an electron donor to the rest of the molecule. The value of the charge transferred between the five-membered ring and the rest of the molecule was equivalent to providing to the molecule an additional dipole moment directed from C10=R 2 or C10-(C 6 H 4 R) 2 to the ring.
To complete the electronic characteristics of fulvenes and diphenylfulvenes, we also determined numbers of π electrons in the five-membered rings (Table 3) . Previously, the correlation of the number of π electrons in the monosubstituted fulvenes with σ p + Hammett constants and aromaticity index NICS were investigated [13] , in addition to the correlations of a few magnetic indices of aromaticity with ASE and HOMA for disubstituted fulvenes [14] . However, the correlations had been studied only for the molecules in the ground electronic state.
Data from Table 3 are plotted in Fig. 2c and 2d using the same graduation every 0.2 e on all vertical axes for comparison of the total charges of the fulvenic rings with the number of π electrons.
The lower slopes of all four lines for diphenylfulvenes compared to those for fulvenes indicate the attenuation of the substituent effects in the first group of compounds.
Both N π (S 0 ) as N π (T 1 ) correlate well with the σ p Hammett constants (Fig. 2c, d) . In all compounds, there are more π electrons in S 0 than in the T 1 state. Therefore, the fivemembered rings are more negative in S 0 than in T 1 both for fulvenes and diphenylfulvenes (Fig. 2a, b) . Data in Table 3 prove that the substituents in both electronic states have similar impact on the number of π electrons in the ring.
For more negative substituents, the number of the π electrons is lower in both states. It can be seen that, in the T 1 state, the total electron density as well as the π electron density leaks from the five-membered ring. The decreasing number of π electrons in T 1 is in accordance with the tendency indicated by Baird's rule. One can expect that in the range 4.67-5.12 electrons (Table 3 , fulvenes in the T 1 state) and in the range 4.96-5.06 electrons (Table 3 , diphenylfulvenes in the T 1 state), the lesser (electrons), the better (for aromatic properties). However, the question is how much lesser is better? We would like to take note of one point: the differences of π electrons number in the T 1 and S 0 states for all compounds are not as large as one might expect. The highest difference between N π (T 1 ) and N π (S 0 ) is −0.4 e in fulvenes and −0.2 e in diphenylfulvenes (both for R=NH 2 , columns 4 and 7 in Table 3 Table 3 ).
Aromaticity
In view of the previously reported findings that anti-or nonaromatic fulvenes become aromatic after excitation to the first triplet state, we would like to investigate the impact of the insertion of two benzene rings between the fulvene ring and the substituents on the aromatic properties of the diphenylfulvene molecules with respect to fulvenes, in the S 0 and T 1 states.
For this purpose, the commonly used aromaticity index, HOMA, was used. The results are shown in Table 4 . The most interesting fact is that, for fulvenes in the ground state, the HOMA index is negative for the substituents extracting electrons from the ring (and for R=H) and positive for the electron-donating ones.
For fulvenes with the first six substituents, index HOMA in T 1 is larger than that in S 0 . However, for fulvenes with R=NH 2 and R=N(CH 3 ) 2 , which in S 0 may be regarded as moderately aromatic, index HOMA is significantly lower in the T 1 state. The fulvenes bearing those substituents possess the greatest number of electrons and π electrons in both states (Tables 2  and 3 ). This finding is in agreement with the 4n + 2 rule for the S 0 state: the more π electrons in the ring, the more aromatic it turns out, while for T 1 , the analogous 4n rule does not favor the rings possessing significantly more π electrons than 4, as is in the two fulvenes with the electron-donating substituents (N π = 5.1). This is in accordance with the crossing plots of the HOMA index vs. σ p in both states, shown in Fig. 3a . For fulvenes in T 1 state, the increase in N π by 0.4 e brought about decrease in HOMA of 0.3. In diphenylfulvenes, a slight increase in N π electrons in T 1 , equal 0.1 e, also brought about a slight decrease in HOMA (Fig. 3b) . Evidently, the effect of attenuation of impact of electron-donating substituents comes into play. The data in Table 4 also show that, in the T 1 state of diphenylfulvenes, we observe an increase in the HOMA Fig. 1 Dipole moments of diphenylfulvenes bearing three substituents, calculated at the B3LYP/6-311++G** level, in the S 0 and T 1 states index, as compared to that in S 0 and hence aromaticity, for the all substituents in the table. Thus, the two lines in Fig. 3b do not cross. This is probably the first observation that the 4n Baird's rule for aromaticity can be controlled by substituents in the triplet state. Owing to these different indications for aromaticity in both states, the slopes for the plots of HOMA (S 0 state) and HOMA (T 1 state) against the Hammett constants are of the opposite sign (−0.995 and +0.976). In other words, in the S 0 /T 1 states, the more/less electrons, the better (for the aromatic properties). The latter properties of molecules in excited states which should be aromatic according to Bairds' rule were generally [36] or cationic fulvene [31, 32] ). The compounds studied here show amplified aromatic properties in T 1 state in spite of having π electrons' number appreciably different than the nearest 4n value. The changes in aromatic properties when they are compared in both electronic states are routinely explained by Baird's rule which also rationalizes the present results. Therefore, the effects of the not quite so large differences in the N π (0.6 electrons) generated large leaps of HOMA in fulvenes in the S 0 state; from −0.55 (for R=NO 2 ) to 0.42 (for R=NH2), larger than we could expect. Corresponding values were lower for diphenylfulvenes owing to the attenuation of the substituent effect by phenyl rings, inserted between substituents and the fulvenic ring (0.2 e, difference in HOMA from −0.22 to 0.04).
However, what about differences in the number of π electrons between the two electronic states? The largest values were −0.4 e (for fulvenes) and −0.2 e (for diphenylfulvenes). For some molecules (e.g., C 6 H 4 -(CN) 2 ), the difference is as small as −0.1 e (Table 3) . However, for this compound, the differences in HOMA are very significant: −0.38 in S 0 and 0.44 in T 1 . Therefore, we suspect that the number of π electrons is not the only reason for the larger values of the aromaticity indices in the T 1 state. Other contributions to the larger values of aromaticity indices in the T 1 state will be discussed in a forthcoming paper. Figure 3 displays not only the opposed effects of the electron density within the ring (dependent on substituent) on HOMA in both electronic states but also degree of attenuation of the impact of substituents in diphenylfulvenes (compared to the substituents impact in fulvenes), owing to a larger separation of substituents from the ring.
In order to investigate the relation of the π electrons number with aromaticity, the latter was additionally investigated by the calculation of the aromatic stabilization energy, ASE. The reaction scheme used was the same that was found to be the best (out of six investigated) for the ASE evaluation in 105 five-membered π electron system [37] . It has been stated that the homodesmotic Scheme 2 was the most reliable and performed best as the ASE evaluation standard. Other schemes, especially those containing acyclic reference compounds did not yield satisfactory results. The reaction scheme has been previously used only for the evaluation of aromaticity in the ground electronic state [37] .
ASE was calculated as a sum of energies of the molecules on right side minus a sum of energies of reagents (on the left side). The more negative ASE, the more aromatic one (or more) of the products. The systems with strongly positive ASE are antiaromatic. In order to use the scheme for molecules in the T 1 state, the energy of one molecule for each side of the scheme was calculated in its T 1 state. The molecules were forth on the left side and first on the right side (the latter being the molecule whose ASE is to be calculated). The values of ASE for fulvenes are shown in Table 5 .
It can be seen that the stabilization energy in the S 0 state is, for the most substituents, positive; fulvenes with such substituents can be considered as antiaromatic. For two electrondonating substituents, the negative stabilization energy indicates that the augmented number of the π electrons in the ring is linked to some aromatic character. In contrast, in the T 1 state, the ASE values are all negative and lower than those in the S 0 state up to −35 kcal/mol. The smallest decrease in the stabilization energy is found for the fulvenes substituted with NH 2 and N(CH 3 ) 2 , which exhibited some aromatic characteristics also in the ground state. The largest T 1 -S 0 values (−35 and −34 kcal/mol) characterize molecules for which the difference in N π is very small (−0.2 and −0.1 e). This comparison validates our suggestion that Baird's rule is not the only reason for the larger aromaticity in T 1 .
A comparison of the two measures of the aromaticity augmentation in the triplet state of fulvene is relevant. Therefore, the difference in the ASE value in the T 1 state vs. that in the S 0 state is plotted against the similar differences of the HOMA index. The correlation between the two measures is shown in Fig. 4 . We may think that the two measures of aromaticity are equivalent for comparison of the aromatic properties in the two electronic states.
Some remarks on the diphenylfulvene/fulvene geometry It has previously been found that the result of phenyl torsion angle calculation for diphenylfulvene is 46°, at the B3LYP/6-311+G)(d,p) level [4] . Here, we noticed that this angle, in the S 0 state, varied significantly for different substituents, being the largest for the ones with the most electron-accepting properties. The regression coefficient of the torsion angle with the Hammett sigma constant is 0.950. We cannot find any reason for such correlation.
Another property, which to our knowledge has not been previously described, was the transformation from a dienelike five-membered fulvenic ring in the two groups of compounds, which they possess in the S 0 state, into the ene-like one (only one double bond out of five) in the T 1 state. The C-C bond lengths in diphenylfulvene, starting from C9, are 1.47, 1.36, 1.46, 1.36, and 1.47 in the S 0 state and 1.42, 1.46, 1.36, 1.46, and 1.42 in the T 1 state.
Spin densities
We investigated the free spins in the T 1 state by using the AIM method. It was found that in fulvenes, the most part of the two spins (about 1.3-1.4) is located in the ring, and two atoms, C1 and C4, carry about 0.5 of the free spin each. The rest of spin density is dispersed on C10=R 2 . In diphenylfulvenes, for all substituents, about 1.2 of free spin is located in the fivemembered ring. Most of the spin density is found at the three carbon atoms: two at the same position as in fulvenes' molecules and the third at the carbon C10 that is a shackle between the three rings.
Conclusions
The five-membered ring charges in both groups of compounds strongly depend on the electronic properties of substituents, both in the S 0 and T 1 states. They range from 0.13 to −0.46 e (fulvenes, S 0 ) and from 0.29 to −0.12 e (fulvenes, T 1 ). For diphenylfulvenes, the corresponding values are from −0.05 to −0.22 e (S 0 ) and from 0.13 to 0.01 e (T 1 ). The electronic properties of the both groups of compounds in S 0 appeared more susceptible to the influence of substituents, when compared to the case of T 1 . At the moment, we cannot propose any reason for this greater impact of substituents on the electronic properties in the ground state than in the T 1 state. It would be interesting to determine whether a similar effect can be observed in other systems. It can also be seen that in fulvenes the increments of the five-membered ring charges (0.59 and 0.41) were larger than those in diphenylfulvenes (0.17 and 0.12). The ASE has been, to our knowledge, evaluated for the first time in the T 1 state by a homodesmotic reaction, characterized by the same number of bonds between the given atoms in each state of hybridization both in products and reactants, and the same number of hydrogen atoms. In addition, the reaction scheme was modified by taking into consideration molecules possessing the cyclopentadiene ring in the T 1 state. As a result, the number of reagent and product molecules in the S 0 and T 1 states matched. It appeared that the two measures of aromaticity based on different premises generated a coherent description of the aromaticity differences for fulvenes in the T 1 and S 0 states, with the correlation of the differences of HOMA with those of ASE being high (R = -0.975, Fig. 4) .
It was found that increment of dipole moments in diphenylfulvenes from S 0 to T 1 showed similar trend as in fulvenes. The dipole values, charges of five-membered rings, and number of π electrons as well as aromaticity indices correlated well with the electronegativity of substituents gauged by the Hammett σ p constant, in spite of different environment than that used for determining the substituents electronic properties [29] . Therefore, the σ p constants helped us in sequencing the properties, for diphenylfulvenes and fulvenes.
The calculated number of π electrons in the triplet state was 4.7-5.1 for fulvenes and 5.0-5.1 for diphenylfulvenes ( Table 3) . The values are significantly higher than those given by Baird's rule for the triplet state, 4n (the nearest value being 4). Nevertheless, the investigated molecules are characterized by moderate aromatic properties, expressed as HOMA indices 0.46 and 0.38 for fulvene and diphenylfulvene substituted by 2NO 2 ( Table 4) . The ASE values, calculated only for fulvenes, also indicate significant aromatic properties of the molecules in the T 1 state. It was found that even very small differences in the number of π electrons (0.1 e, Table 3 , for C 6 H 4 -(CN) 2 in the S 0 and T 1 states) are accompanied by a significant differences in the aromaticity measures: the HOMA increases from −0.38 to 0.44 and the ASE values changed from 14.5 to −19.7 kcal/mol. This finding is not in line with the model that the tendency to adapt the electron density distribution to those given by Baird's rule in the T 1 state can be the only factor responsible for the augmented aromaticity in the triplet state. Our results indicate that the aromaticity increase in T 1 , as compared to that in S 0 , cannot be thoroughly accounted for by the difference in the number of calculated π electrons. Further, perhaps other factors, despite the lack of satisfactory identification at present, are operative here.
It is perhaps worth mentioning that the triplet state aromaticity, with reference to Baird's rule, was previously considered generally for the 4π electron systems, such as cationic fulvene [16, 32] .
Some structural variability of the five-membered ring in the S 0 and T 1 states was noticed but not fully explained, in addition to a putative vibronic coupling resulting in the dependence of the phenyl torsion angle on substituents in diphenylfulvenes in the S 0 state.
When diphenylfulvenes are used as reagents in the cycloaddition reaction elaborated for fulvenes [3] , we could expect generation of a number of interesting new compounds.
